The placement of an epidural needle is among the most difficult regional anesthetic techniques. Ultrasound has been proposed to improve success of placement. However, it has not become the standard-of-care because of limitations in the depictions and interpretation of the key anatomical features. We propose to augment the ultrasound images with a registered statistical shape model of the spine to aid interpretation. The model is created with a novel deformable group-wise registration method which utilizes a probabilistic approach to register groups of point sets. The method is compared to a volume-based model building technique and it demonstrates better generalization and compactness. We instantiate and register the shape model to a spine surface probability map extracted from the ultrasound images. Validation is performed on human subjects. The achieved registration accuracy (2-4 mm) is sufficient to guide the choice of puncture site and trajectory of an epidural needle.
INTRODUCTION
Epidural anesthesia is a form of regional anesthesia involving placement of a needle into the epidural space ( Figure 1 ). Placement of an epidural is among the most difficult regional anesthetic techniques due to the narrow intervertebral foramen. Currently, experience on at least 60 subjects is required to reach competency of 90% in epidural needle placement.
1 Ultrasound has been proposed for pre-puncture guidance, 2 but it has not become standard-of-care because of limitation in image interpretation by anesthesiologists unfamiliar with complex spinal sonography. The challenge is to identify the echo from the target ligamentum flavum/epidural space interface, among a complex set of echoes. To improve guidance with ultrasound imaging, augmenting ultrasound images with registered pre-operative data such as CT has been suggested. 3 However, pre-operative images are not normally available, especially in obstetrics. Hence, the use of statistical shape models (SSMs, or atlases) is a reasonable alternative. The accuracy of the SSM and its registration to ultrasound needs to be sufficient for correct identification of the needle entry point and trajectory. During needle insertion, real-time ultrasound will be combined with traditional loss-of-resistance technique to confirm correct needle insertion depth, and to avoid overshoot of the needle into the dura mater, which can result in nerve injury to the spinal cord.
2 Given this paradigm, we selected the acceptable accuracy for the registered SSM to be 4 mm, which is less than half of the distance between ligamentum flavum and the dura mater. 4 This threshold is also helpful to reliably distinguish the US echo of the target ligamentum flavum, located on the posterior side of vertebrae, from nearby echoes. An SSM usually includes a mean shape and its principal variations; capable of generating an unseen instance of a specific anatomy. Many methods have been proposed to reconstruct SSMs of bony anatomies. 5, 6 These approaches generally use a template-based algorithm to construct the SSM where all the training examples are registered to an image template to create the correspondences of anatomical points. This creates a bias in the SSM towards the shape of the template itself, which may introduce larger registration errors when the unseen observation (i.e. the patient's anatomy) is far from the template. 7 To avoid this problem, group-wise registration of all training data to each other and simultaneously constructing the mean shape is suggested in other contexts. Several group-wise SSM generation techniques based on volumetric registration, 7, 8 or surface registration, 9 of training set have been previously proposed. Previous attempts for registering SSMs to ultrasound data 5, 6 suggest that, without hardware acceleration, registering volumetric atlases to ultrasound images is computationally more expensive than registering atlases based on surface data. In search for a clinically viable solution for real-time registration of an unbiased SSM to ultrasound data, we propose a method to create an unbiased SSM using a novel surface-based group-wise registration method. This technique extends the affine group-wise registration method proposed by Hufnagel et al. 9 to a deformable method by integrating the deformable registration technique proposed by Myronenko et al. 10 We also develop a probabilistic technique to register the SSM to ultrasound images. Our approach aims to be substantially faster than the one proposed by Khallaghi et al., 6 which is a volumetric atlas-based registration.
METHODS

SSM Construction
An affine group-wise algorithm, 9 which utilizes a probabilistic approach to register group of point sets, is extended to a deformable method and is used to generate the shape model of the vertebra. Each training data is a point set presented in D dimensions. Assume that there are K point sets in the training set, where T k is the k th training point set, presented with N k points, t k n . The mean shape, Z, is presented with M points, z m (M and N k are not necessarily equal). The problem is formulated as a probability density estimation problem, where the mean shape represents the Gaussian Mixture Model (GMM) centroid, and each training point set represents a data point generated by this model. The mean shape, Z, and its transformations to instances, Φ k , can be found by minimizing the negative log-liklihood function:
This is minimized using an Expectation-Maximization algorithm. 10 The expectation part computes the probability of how likely a point in the mean shape generates another point in a training point set:
The value of σ controls the uncertainty. Initially, σ is chosen to be large. Its value decreases in each iteration. Parameters are updated in the Maximization step to minimize the following objective function:
The latter term is a regularization over the transformations. The objective function can be minimized alternatively with respect to the mean shape and the transformation parameters. For a fixed mean shape, the problem becomes a registration problem and each term of (3) can be minimized separately. For a given T k and Z this minimization is exactly a registration problem, as stated and solved by Myronenko et al. 10 They borrowed the idea of coherent point drift (CPD) to model the deformations and solved the registration step in a closed-form solution.
10 For fixed transformations, each point (z m ) of the mean shape can be found separately by minimizing:
This cost function is minimized by finding z m using the BFGS Quasi-Newton method, with a cubic-line search.
Instantiation and registration of the SSM to ultrasound images
In this work, US volumes are captured by a 3D transducer (4DC7-4/40, Ultrasonix, Rigchmond). We closely follow the approach of Foroughi et al. 11 to compute the bone surface probability in US images for each pixel by weighted summation of reflection amount (pixel intensity) and shadowing effect. The shadow below a pixel is quantified by a weighted summation of the intensity values of all pixels beneath. The result, V (X), represents the bone surface probability for each pixel in the US volume. Since the US probe is positioned posterior-anterior, only the posterior aspect of the vertebra is visible. Similar to the work of Winter et al., 12 the points from the anterior surface are removed, leaving those points on the tip of spinous process, laminae and facets. To register the SSM to the bone surface probability, the model is evolved using A = R(A + bΦ) + t. Here, R and t are the rigid transformation parameters, and A + bΦ is the deformation of the atlas using modes learned in the training step. Assume that a i are the points belonging to A . The following objective function is maximized:
All parameters are optimized simultaneously using the CMA-ES optimizer.
12
Experiments are performed on lumbar and thoracic vertebrae. CT images (with 0.70 mm×0.70 mm×2.50 mm spacing) are collected at a local hospital with approval from the research ethics board, and informed consent. Using ITK-Snap, L1 (n = 37) AND T12 (n = 18) vertebrae are semi-automatically segmented from these images for generation of the SSM.
RESULTS AND DISCUSSION
3D ultrasound volumes are captured from the L1 and T12 vertebrae of three human subjects. The transducer is positioned in the transverse plane such that the tip of the spinous process is centered in the image. An expert sonographer is asked to select points on the bone surface belonging to the target vertebra. For each patient, the probability map of the bone surfaces is extracted from the ultrasound volumes. The shape model is registered manually to the segmented points. Then, the model is misaligned by applying a rigid transformation including translation and rotation parameters drawn randomly within ±10 mm and ±10 degrees. The shape model is then registered to the probability map of the ultrasound volume using the proposed method. This experiment is repeated 100 times for each vertebra of each patient (overall 600 registrations are performed). Figure 2 illustrates the first three deformation modes of the SSM of the L1 vertebra. Our proposed method (referred as group-wise CPD) is compared to a volume-based method of atlas generation proposed by Balci et al. 8 (referred as congealing) in terms of generalization, G(M ), and compactness, C(M ), 13 as a function of the number of shape parameters, M , used in the reconstruction (Figure 3a and 3b) . The generalization ability of the atlas is measured by generating the SSM using all but one member of the training set and then finding the RMS distance error of registering the atlas to the excluded member. The compactness is the accumulative variance for the first n modes of the atlas. The model is capable of generating an unseen observation with an RMS distance error of 0.85 mm using the first four modes. 78% of the variations are achieved by the first four modes. Given that, four modes are used for registration below. The congealing method generates a model with the same generalization ability but with less compactness. 
SSM accuracy
Registration to in vivo ultrasound images
Examples of the registration results are shown in Figure 4 . The RMS distance between manually selected points and their nearest point from registered model points is computed as a measure of accuracy in each case. Figure  5 includes results for each patient separately. Given the overlay of the atlas on the ultrasound, the echoes from the ligamentum flavum/epidural space can be Figure 4 : Example of registration of a SSM to ultrasound images of human T12 vertebra. The initial position of the model is drawn in red, the registered model is white, and the CT surface is green.
readily interpreted and localized. It is expected that the SSM will be used to augment the ultrasound image interpretation, but not replace the standard technique for epidural needle placement. The registered SSM, built using the proposed method, had success rate (final average TRE below 4 mm) of 84%. The success rate is 74% for the alternative congealing method. In this pilot study, we have demonstrated that the range of errors for registering the SSM to ultrasound images of human spine is 2.3 mm to 2.8 mm for T12 and 3.4 mm to 4.5 mm for L1. Our results show that the two group-wise registration methods produce acceptable accuracy for the targeted clinical application. However, the group-wise CPD shows better compromise between generalization and compactness. The current unoptimized MATLAB code requires 183 seconds to register the SSM to 3D ultrasound images compared to many hours in the work by Khallaghi et al. 
CONCLUSION AND FUTURE WORK
A new feature-based method is proposed to construct an unbiased statistical shape model. The method is used to generate the shape model of a single vertebra. The method is compared to the other state-of-the-art technique and shows better compromise between generalization and compactness. A novel technique is proposed to register the model to an in-vivo 3D US volume. The range of errors for registering the SSM to ultrasound images of human spine is 2.3 mm to 2.8 mm for T12 and 3.4 mm to 4.5 mm for L1, which is close to the required clinical accuracy of 4 mm. Future work will involve optimizing the code on Graphics Processing Unit (GPU) to achieve clinically acceptable runtime. Figure 5 : (a) TRE and (b) RMS distance error for probabilistic registration of the model built by our method and the congealing technique to ultrasound images of in vivo data for both L1 and T12 vertebrae.
STATEMENT OF ORIGINALITY
The unbiased SSM reconstruction method presented here combined with the probabilistic registration to ultrasound volumes is a novel approach. The SSM is built using a feature-based method and is registered to the bone surface probability map extracted from the ultrasound volume. This work has not previously been submitted for publication
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